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Abstract. The paper considers the issues of studying the structure formation of binders during
hardening to determine the optimal moments of mechanical action on gypsum concrete specimens,
which makes it possible to optimize the technology of their impregnation with sulfur melt. The time
dependence of the elastic modulus of a hardening, binder is its important physicochemical
characteristic, since it is used to objectively identify the stages of structure formation, to simulate
the processes occurring at each of the stages. It is noted that the method of acoustic resonance of
bending vibrations, in the case of hardening binders, needs correction with respect to the
measurement technique and interpretation of the results obtained. The kinetics of the resonance
frequency of a sample consisting of a rigid cell and a dispersion poured into it is a function of the
elastic properties of the cell, the dispersion itself, the contact zone of the dispersion with cell and
therefore cannot be used for either qualitative or quantitative analysis of the kinetics of hardening.
Taking into account the elasticity of cuvette is necessary to obtain reliable information.

It has been established that in the presence of shrinkage or significant expansion of the binder,
the study of structure formation by the resonance method should be carried out in plastic cuvettes.
Regardless of shrinkage, the use of a cuvette requires compulsory consideration of its elastic
properties. It is advisable to objectively distinguish the stages of structure formation on the basis of
the kinetics of not the dynamic modulus of elasticity itself, but the rate of its change. The time
dependence of the logarithmic damping decrement is also an important characteristic of the
concrete structure. The studies carried out make it possible to obtain serogypsum composites with
the necessary performance characteristics and to manufacture elements of architectural décor, wall
fencing products of increased aesthetics, durability and reliability from them.
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Formulation of the problem. It is known that sulfur is a typical inorganic thermoplastic which
is capable of forming numerous allotropic modifications, and at the same time, in the molten state, it
has a low viscosity. Sulfur is well compatible with various polymer modifiers. By introducing various
additives, it is possible to adjust the viscosity and surface tension over a wide range. Sulfur has strong
adhesive bonds to mineral fillers and aggregates. Under normal conditions it is chemically inert and,
even when heated, is practically insoluble in water and acids. Sulfur is diamagnetic, a poor conductor
of heat, has insecticidal properties, and is hydrophobic. It has a low melting point, which allows it to be
converted from a solid to a liquid state at low energy consumption [1]. From a technological point of
view, the process of crystallization of a sulfur melt upon cooling is simpler than the polymerization of
monomers in the manufacture of concrete polymers.

It follows from the above that sulfur, as an impregnating material, has many valuable
properties and can be used for impregnation of various building capillary-porous materials, in
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particular, gypsum concrete.

Analysis of recent research and publications. Currently, there are several technological
methods for obtaining building materials and products using sulfur of various modifications. One of
them is the impregnation of traditional building materials and products with molten sulfur, the other
is the production of sulfur concrete. The well-known property of sulfur melt to form strong adhesive
bonds with various mineral fillers makes it possible to use sulfur as a basis for a sulfur binder -
mastic, which, in turn, is the basis of the structure of sulfur concrete [2-4]. One of the most valuable
properties of sulfur-based composite materials is their high corrosion resistance. In a number of
works, it is noted that sulfur concrete is resistant to the effects of various acids. However, these
works did not investigate issues related to physicochemical phenomena occurring during the
interaction of a gypsum or gypsum matrix and sulfur, and the processes of drying and impregnation
were not sufficiently considered from the point of view of their optimization. The peculiarities of
the capillary-porous structure of gypsum concrete and their behavior at elevated temperatures
require the development of scientifically substantiated technological modes of drying and
impregnation with sulfur melt [5-7].

The aim of the work is to study the influence of different types of cells on the measurements
of the dynamic elastic modulus of binders during hardening to determine the optimal moments of
mechanical action on gypsum concrete specimens, which will optimize the technology of their
impregnation with molten sulfur.

Materials and research methods. To study the kinetics of the resonance frequency, the
dispersion was poured into a thin-walled cuvette measuring 150x15x5 mm, in the region of the
nodes of the standing wave of which the wire leads of the exciter and the oscillation receiver were
located. Oscillations were excited using a piezoelectric head and a low frequency generator. The
amplitude of the forced vibrations of the sample was recorded with a piezoelectric detector,
amplifier, and voltmeter. In the manual mode, the resonant frequency was recorded by a frequency
meter, provided that the maximum amplitude of forced oscillations was reached. In the semi-
automatic mode, the resonance peak contour was recorded automatically when the generator
frequency was manually changed due to the connection of the generator and amplifier with a
computer. In this case, the resonant frequency and the logarithmic damping decrement were
determined automatically. The accuracy of determining the resonant frequency is 0.2% with a
logarithmic damping decrement of 0.01.

Research results. The time dependence of the modulus of elasticity of a hardening binder is its
important physicochemical characteristic, because it is used to objectively distinguish the stages of
structure formation, to simulate the processes occurring at each stage, and also to determine the optimal
moments of mechanical action on concrete. Such dependence is most often evaluated by acoustic
methods, however, the method of acoustic resonance of bending vibrations, developed in relation to
systems with parameters that are stable in time, but in the case of hardening binders, needs to be
corrected relative to the measurement technique and interpretation of the results obtained [8-11].

This primarily refers to the frequency of the resonance peak f, since the resonant frequency of
the sample is the derivative of the elastic properties of both the binder and the cuvette itself. For
solidified dispersions, the contribution of the cuvette elasticity is relatively small and the distortions
introduced by it may be insignificant. In the case of plastic dispersions, the elasticity of even a
minimally rigid cell is much higher than the elastic properties of the binder, and the resonance
frequency f of the sample is a complex function of the elasticity of the cell, the zone of contact of
the dispersion with the cuvette, and the dispersion itself G. Just after mixing, the elastic properties
of the dispersion are negligible, therefore, its resonant frequency cannot exceed 50 ... 60 Hz. In the
experiment, with a cuvette length of 150 mm and a sample mass of 25 g, an f value of about 500 Hz
is fixed, which is due to the exclusively elastic properties of the cuvette and the sample mass. Thus,
the value of G cannot be calculated only on the basis of the measured values of the resonance
frequency of the sample, its geometric and mass characteristics.

It was shown in [8] that the elasticity of the cell can be taken into account within the
framework of the model of two coupled vibrational subsystems (the binder and the cell). The
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resonance frequency fyq of the solution part of the sample calculated on the basis of this model
corresponds to the value of G; therefore, the kinetics of the frequency fy rather than f is a more
adequate characteristic of structure-forming processes. From the time dependence of the resonance
frequency of the solution part of the sample fg, the modulus G can be determined. Fig. 1 shows the
kinetics of the frequencies f and fy of the sample of the aqueous dispersion of p-hemihydrate
gypsum. As expected, the Kinetics of the frequency fy starts from values close to zero, but not from
570 Hz, like the frequency f.

Investigation of the peculiarities of the kinetics of the frequency f made it possible to establish
[10] that until the moment of time t, (the point of transition from the initial horizontal section to the
ascending branch) a continuous crystallization framework in the dispersion does not yet exist. In the
main section of structure formation (ascending branch of the graph), the increase in elasticity is due
to the processes of creating and reinforcement of crystallization contacts. The parameter t
corresponding to the moment of creation in the dispersion of a continuous structure with
crystallization-type contacts, objectively characterizes the start of setting and the upper limit for the
time of non-destructive mechanical action on the dispersion.
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Fig. 1. Kinetics of the resonant frequency of an aqueous dispersion of hemi-aqueous gypsum in a
metal cuvette:
1 — resonance frequency of a system consisting of a cuvette and dispersion (experimental data);
2 — resonance frequency of the solution part of the sample (calculation according to the data of curve 1)

The second factor affecting the measured kinetics of frequency f is the character of the coupling
of the cuvette with dispersion [11]. Since the sample is an example of two coupled vibrational
subsystems, it is necessary that the elastic nature of their connection persists over time. This means that
the cuvette must change its dimensions simultaneously with the dispersion. If the cuvette is rigid, then
during shrinkage or significant expansion, the dispersion is partially detached from the walls, the
condition of coupling of the vibrational subsystems is violated. In the presence of shrinkage at the
beginning of hydration, due to the connection of a sufficiently rigid cell with a still fragile binder stone,
its structure is decayed (macrocracks appear) and distortions are introduced into the kinetics of f, which
are of fundamental importance for the interpretation of the results.

The study of the influence of the cuvette on the nature of the kinetics of the resonance
frequency was carried out using examples of aqueous dispersions of Portland cement grade M400
from the Zdolbunovsky plant and kaolinite. Measurements in rigid cuvettes showed that within 40
... 180 min. from the beginning of mixing in the case of Portland cement, a well-known from the
literature [8, 9] S-shaped section on the kinetics of frequency f is fixed (curve 1 in Fig. 2). The
behavior of the logarithmic damping decrement (LDS) is also oscillating in this region, and its
maximum corresponds to the minimum of f. It was also found that the beginning of the frequency
decrease coincides with the beginning of the formation of cracks in the dispersion and its
detachment from the walls of the cell.

A similar correlated behavior of the damping frequency and the process of macroscopic
destruction of the structure of the sample has a unwanted influence of cuvette on the kinetics of the
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resonance frequency. The decrease in frequency during hardening is not due to the syneresis
phenomenon in the formed colloidal structure, but is due to macroscopic violation of the integrity of
both the dispersion itself and the zone of its contact with the cell surface. In this case, the
destruction of the macrostructure is not due to the inherent shrinkage of the dispersion, the obstacle
from the side of the cuvette to the free shrinkage of the binder.

To eliminate partial destruction of the sample, the dispersion should be poured into a cuvette
made of plastic material. When shrinking dispersion in such a cuvette, there are no cracks and
detachments. The kinetics of the frequency f of the portland cement dispersion in the plastic cuvette
is presented in Fig. 2.
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Fig. 2. Dependence of the resonance frequency of a cement paste sample in a metal cuvette
(1), a plastic cuvette (2), without a cuvette (3) and the logarithmic damping decrement of the sample
in a metal cuvette (4) on time (t in minutes)

As follows from the figure, there is no S-shaped section on the dependence f = F (t), and the
value of LDS decreases monotonically without take-offs. This indicates that the processes of partial
destruction of the sample macrostructure does not occur. We obtained similar results for the
dispersion of kaolinite, where the destruction processes were not observed in the plastic cell, the
resonance frequency increased monotonically, the damping decreased, while in the metal cell, due
to shrinkage, the dispersion cracked and almost completely exfoliated from the walls, the frequency
f after the previous growth rapidly decreased, the value of LDS increased at the same time to values
0of 0.2...0.3.

Distortions due to plastic cuvettes were also controlled by examining dispersion samples freed
from the cuvette. In this case, the dispersion was poured into a mold, which was subsequently
disassembled and the beams were measured in pure form. For gypsum, it was found (see Fig. 1) that
the model of two coupled vibrational subsystems makes it possible to obtain data similar to the
results of measurements of cuvetteless samples. Therefore, for gypsum stone, the correct frequency
kinetics can be obtained by mathematical treatment of the measurement results in a rigid cuvette.

In the case of a cement paste, the study of a cuvetteless beam is possible from the points in
time corresponding to the end of the S-shaped section (curve 3 in Fig. 2). The data obtained show a
satisfactory coincidence of the kinetics of the resonance frequency of the beams and the dispersion
samples in a plastic cuvette.

Thus, the kinetics of the resonance frequency of a sample consisting of a traditionally rigid
cuvette and a dispersion poured into it is a function of the elastic properties of the cuvette, the
dispersion itself, the contact zone of the dispersion with the cuvette and therefore cannot be used for
either qualitative or quantitative analysis of the kinetics of hardening. Even in the absence of
dispersion shrinkage, taking into account the elasticity of the cuvette is necessary to obtain reliable
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information. If, in the course of hardening, a significant deformation of dissolved part of the sample
occurs, then it is necessary to use plastic cuvettes.

The use of the resonance frequency fy of the dissolved part of the sample makes it possible to
determine not only the kinetics of the dynamic modulus of elasticity G, but also the rate of its
change V = dG/dt. The V value characterizes the hardening rate, therefore, it provides important
information about the special points of the kinetics of the elastic modulus and, therefore, allows us
to objectively identify the stages of structure formation. Figure 3 shows the dependence of the V
value of the aqueous dispersion of gypsum binder on time. From Fig. 1 and Fig. 3, it follows that on
the kinetics of the rate value of V, the individual stages of hardening are marked out much more
clearly than in the kinetics of the resonance frequency.
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Fig. 3. Dependence of the rate of change of the dynamic modulus of elasticity of an agqueous
dispersion of semi-aqueous gypsum on time (t in minutes)

An important dispersion characteristic is also the LDS, which is determined by the width of the
resonance peak at half its height. Our studies have shown that during the hardening of the dispersion,
the value of LDS, monotonically decreased, can experience temporary bursts. In this situation, a
temporary increase in the damping decrement indicates a partial macroscopic destruction of the
sample. With an increase in the half-width of the peak, its amplitude significantly decreases; therefore,
the use of the kinetics of the peak amplitude without knowledge the behavior of its half-width and the
shape of the amplitude-frequency characteristic of the setup does not seem correct.

Conclusions. Based on the studies carried out, it was found that in the presence of shrinkage
or significant expansion of the binder, the study of structure formation by the resonance method
should be carried out in plastic cuvettes. Regardless of shrinkage, the use of a cuvette requires
compulsory consideration of its elastic properties. It is advisable to objectively distinguish the
stages of structure formation on the basis of the kinetics of not the dynamic modulus of elasticity
itself, but the rate of its change V. The time dependence of the logarithmic damping decrement is
also an important characteristic of the structure of concrete. The studies carried out make it possible
to obtain serogypsum composites with the necessary performance characteristics and to
manufacture elements of architectural décor, wall fencing and facing products of increased
aesthetics, durability and reliability from them.
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AHoTanis. B poOoTi po3risHyTI NMUTaHHS JOCTIHKEHHS CTPYKTYPOYTBOPEHHS B’SDKyUMX B
mporieci TBEPIHEHHS Uil BH3HAYEHHS ONTHMAIBHUX MOMEHTIB MeXaHI4HOi Mii Ha TincoOeToHHi
3pa3ky, IO JO03BOJIIE ONTHMI3YBaTH TEXHOJIOTIIO iX MPOCOYYyBaHHsS po3IUiaBoM cipku. Yacosa
3aJIEKHICTh MOJYJSl TPYXKHOCTI TBEpPAIIOYOrO B’SKYYOTrOo € HOro BaXIJIMBOIO (PI3MKO-XIMIYHOIO
XapaKTepUCTUKOI0, OCKUIbKM BOHAa BHUKOPHCTOBYETHCA JJIsi OO0 €KTMBHOTO BHJIUIEHHS €TalliB
CTPYKTYPOYTBOPEHHS, MOZETIOBAHHSI MPOLIECIB, 110 MPOTIKAIOTh Ha KOKHOMY 3 eTarliB. BiaMivaeTbcs,
10 METOJT aKYCTUYHOI'O PE30HAHCY, Y BUNIAJIKY TBEPIIIOUMX B’SKYUHX, IOTpeOye KOpEeKIili BIIHOCHO
METOJIMKH BUMIpPIOBaHb Ta TPAKTOBKM OTPUMAHHUX pe3ynbTariB. KiHeTWka pe30HaHCHOI YacTOTH
3pa3ka, L0 CKJIAJa€ThCsl 3 JKOPCTKOI KIOBETH 1 3alMTOi B Hel aucnepcii, € (yHKI€ MPYKHUX
BJIACTMBOCTEH KIOBETH, CaMOi JTUCTIepCii, 30HM KOHTAKTy AUCIEpCii 3 KIOBETOIO 1 TOMY HE MOXe OyTH
BUKOPUCTaHA Hi JUId SIKICHOTO, Hi Uil KUIbKICHOTO aHali3y KIHETHKHA TBEpIiHHA. BpaxyBaHHS
NPY>KHOCTI KIOBETH € HEOOXIJTHUM JUIsi OTPUMAaHHS JTOCTOBIPHOI iH(pOpMaIIii.

BceranoBneHo, 1mo mnpu  HaSBHOCTI Yycaakud a00 3HAYHOIO PO3IIMPEHHS B’SKY4YOTO,
JOCIHIJKEHHSI CTPYKTYPOYTBOPEHHSI PE30HAaHCHUM METOOM MOBUHHO MPOBOJUTHUCS B IUIACTHYHHUX
KroBeTax. He 3anexHo Bii ycaJKu BUKOPHCTAHHS KIOBETHM BHMarae o0OB’SI3KOBOTO BpaxXyBaHHS ii
OpYyXHUX BiacTuBocTe. OO’€KTHBHE BHUIUIEHHS €TalliB CTPYKTYPOYTBOPEHHS JOLIJIBHO
MPOBOJAWTH HA OCHOBI KIHETHMKM HE CaMOro IMHAMIYHOTO MOAYJS NPYKHOCTI, IIBUAKOCTI MOro
3MiHd. YacoBa 3aNeXHICTh JIOTapU(MIYHOTO JIEKPEMEHTY 3racaHHs TaKoX € BaKJIMBOIO
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XapaKTepUCTHKOIO CTPYKTypu OeToHy. IlpoBeneHi mOCHiPKEHHS O3BOJSIOTH OTPUMYBATH
CEPOTINCOBI KOMITO3UTH 3 HEOOXITHUMHU CKCIUTyaTalliiHUMHU XapaKTePUCTUKAMHU 1 BUTOTOBIISATH 3
HUX €JEMEHTH apXiTeKTypHOTO JEeKOpY, CTIHOBI OrOpOJUKYBAJIbHI 1 OOJHIIOBaJbHI BUPOOU
MABHIIEHOI €CTETHYHOCTI, JOBIOBIYHOCTI 1 HaailiHOCTI.

KurouoBi cioBa: rirmc, cipka, po3miaB Cipku, pe30HAHCHUI METOJ], MOIYJIb TIPY>KHOCTI.
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AHHOTanusi. B pabore paccMOTpeHBI BOMPOCHI HCCIENOBAHHS CTPYKTYypoOoOpa3oBaHUs
BSUKYILUX B IIPOLIECCE TBEPACHHUS Ul ONPEACICHUS ONTHUMAIbHBIX MOMEHTOB MEXaHMYECKOI'O
BO3JCHCTBUSl HA TUICOOETOHHBIE O0pa3libl, YTO IO3BOJSET ONTUMHU3UPOBATH TEXHOJOTMIO MX
IIPOIIUTKH PAcIUIaBOM cepbl. BpemeHHas 3aBUCMMOCTb MOAYJSL YHOPYIOCTHM TBEPICIOLIETO
BSDKYIIETO SBIISIETCS €r0 BaXHOW (DM3MKO-XUMHUYECKOW XapaKTEPUCTHKOW, IIOCKOJIIBKY OHa
UCHOJb3yeTcsl A7 OOBEKTHMBHOI'O BBIJIEJIEHUS ITANOB CTPYKTYpOOOpa30BaHMs, MOAEIHMPOBAHUS
MIPOLIECCOB, MPOTEKAIOIIMX Ha KaXIoM U3 ATanoB. OTMeyaeTcs, 4TO METOJ aKyCTHYECKOIo
pe3oHaHca M3rMOHBIX KoJieOaHUM, B ciydae TBEPACIOUIMX BSDKYLIMX MaTepHajoB, HYKIAeTcs B
KOPPEKIIMH OTHOCUTEIBHO METOAMKM HW3MEpPEHUS U TPAKTOBKU IOIYYEHHBIX pE3YyJIbTAaTOB.
KuneTtnka pe3oHaHCHOM uyacTOThl 00paslia, COCTOSILEro W3 KECTKOW KIOBETHI M 3aJUTON B Hee
JUCTIepCUH, SBJIsieTcs (PYHKIMEW yNpYyTrHX CBOMCTB KIOBETHI, CAMOM AMCIIEPCHUH, 30HBI KOHTaKTa
JMCIIEPCUU C KIOBETOM M MO3TOMY HE MOKET OBbITh MCIIOJIb30BaHA HU JJISI KAUECTBEHHOTO, HU JJIs
KOJMYECTBEHHOI0 aHajlu3a KUHETHKH TBEpJIEHUS. YUYeT yOPYroCTH KIOBETBl SBIISETCS
HEOO0XOAUMBIM JJIS TOJTY4YEHUS TOCTOBEpHON HH(POPMALIUH.

YCTaHOBIEHO, YTO MpH HAIWYUM YCAJKH WIM 3HAYUTEIbHOTO PAaCIIMPEHUs BSKYILIETO
UCCIIEIOBAaHUE CTPYKTYpOoOOpa3oBaHUS PE30HAHCHBIM METOJOM JOJDKHO TPOU3BOAMTHCS B
IUTACTUYHBIX KIOBETaX. BHE 3aBUCMMOCTH OT YCaJKU HCIOJNb30BaHHE KIOBETHl TpedyeT
o0s3aTeNbHOTO  yyeTa  ee  ympyrux  cBoiicTB.  OOBEKTHMBHOE  BBIJECJICHME  JTaloB
CTPYKTYypOOOpa30BaHUs 1I€JIECOO0pa3HO MPOU3BOAMTH HAa OCHOBE KHHETHMKH HE CaMOro
JUHAMHYECKOTO MOJIYJs YIPYrocTH, a CKOPOCTH €ro W3MEHEHHus. BpeMeHHas 3aBHCHUMOCThb
J0orapu(PMHUUECKOro JeKPEMEHTa 3aTyXaHHsI TaKXKe SIBISIETCS BaXKHON XapaKTEPUCTHUKON CTPYKTYpPbI
O6erona. IIpoBereHHBIE HCCIEIOBAHUS TO3BOJIIOT IOJy4yaThb CEpPOTHIICOBBIE KOMITO3UTHI C
HEOOXOMMBIMU DKCIUTYaTallUOHHBIMU XapaKTEPUCTUKAMU M W3TOTaBIMBaTh W3 HUX 3JIEMEHTHI
apXUTEKTYPHOT'O JIEKOpa, CTEHOBBIE OrpaXJalollie M OOJIMIIOBOYHBIC H3/AETHs MOBBIILICHHON
ACTETUYHOCTH, JOJITOBEYHOCTH U HAJICKHOCTH.

KuroueBsble cj10Ba: rurc, cepa, pacijiaB CEpbl, pE30HAHCHBIN METOM, MOAYJIb YIPYTOCTH.

Crarta Haaidnua o penakuii 5.05.2021
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